Toxoplasma rhoptries, an unusual set of apical organelles that are associated with Toxoplasma infection may cause subversion of the host cell functions. Parasite rhoptry protein 16 (ROP16) is a regulator of host cell transcription during cell invasion in which it migrates into the host cell cytoplasm and subsequently localizes to the nucleus. In the present study, we found that overexpression of ROP16 could partially mediate human neuroblastoma SH-SY5Y apoptosis (12.47%) and cell cycle arrest in G1 phase (60.77%) in a p53 dependent manner by influencing the expression of Bax/Bcl-2 and p21/CDKs. ROP16 was identified to co-localize with p53, a novel direct interaction partner in the nucleus of SH-SY5Y. Furthermore, SH-SY5Y apoptosis via the mitochondria-dependent p53 pathway and cell cycle arrest caused by ROP16 dealt with direct serine 15/37 phosphorylation of p53. Our studies provide a new mechanism by which ROP16 interacts with the nucleus proteins which subsequently subverts the host cells functions.
Introduction
Toxoplasma gondii(T.gondii) is an opportunistic protozoan pathogen belongs to the phylum Apicomplexa, which can be defined by the presence of an apical complex which includes secretory organelles [1, 2] . T. gondii is capable of invading and replicating in all nucleated cells as an obligate intracellular parasite. The rhoptries are a type of apical secretory organelle of T. gondii that have shown close relationship with the parasites' pathogenesis, host cell invasion and host cell interaction [3] . There are more than 30 proven rhoptry proteins that most of which have shown clear homology to protein kinases [1] . Recent studies had found that many of rhoptry proteins were involved in the invasive process and played an important role for growth and survival in the host cell.
ROP16, a key virulence determinant, is a member of the ROP2 family and can invade into the host cell nucleus quickly after the parasites infection [4] . ROP16 has serine -threonine kinase activity with a molecular weight of 96KD constituted by 707 amino acids. This protein invades host cell and accumulates in the host cell nucleus via the nucleus localized sequence (NLS) [5] . The evidences showed that ROP16 unique to the apicomplexa was crucial in the host-pathogen interaction [6] . ROP16 of type I or III strains of T. gondii is a regulator of host cell transcription that subverts the host functions by direct tyrosine phosphorylation of STAT pathways. It affected the activation of STAT3/6 signaling pathways and influenced the consequent downstream host cytokine, interleukin-12 [7, 8] . In Ivyspring International Publisher addition, ROP16 also induced the phosphorylation and nuclear translocation of STAT5 to generate protective immunity [9, 10] . In order to gain a better understanding of the molecular functions of ROP16 in the host cell nucleus as well as the roles of ROP16 in changing the functions of human neural cell, we carried out tests to identify novel interacting host's nuclear protein with ROP16 and interplay each other in the response of human neuroblastoma SH-SY5Y cell line to ROP16.
Materials and methods

Cell culture, plasmids construction and transfection
The SH-SY5Y cell lines obtained from American Type Culture Collection (ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM, Hyclone) which was supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco ). NE-4C cell lines(from ATCC) that lacks functional p53 protein were maintained on poly-L-lysine-coated dishes in Eagle MEM(Gibco) supplemented with 10% FBS, 1% Glutamax(Invitrogen) and 1% Non-essential Amino Acids. Cells were incubated in a humidified atmosphere containing 5% CO2 at 37°C and were passaged every 2-4 days by trypsinization. The coding region of T. gonndii ROP16 was amplified using ROP16 forward primer containing EcoRI: 5'-GAGAATTCCATGAAAGTGACCACGAAAGG3-3'; and reverse primer containing Flag-tag gene sequence EcoRv: 5'-GCGATATCCTTGTCATCGTCGTCCTTG TAGTCCATCCGATGTGAAGAAAGTTC-3'.
All constructs were verified by sequencing. SH-SY5Y cell lines transfected with a total of 4.0 μg of either empty vector or the indicated plasmids (4 μg Flag-tagged ROP16) via Lipofectamine 2000 as specified by the manufacturer (Invitrogen) were cultured in atmosphere containing 5% CO2 at 37°C for 48h before harvest.
RNA extraction and cDNA synthesis
RNA from T.gondii and SH-SY5Y cells were isolated using TRIzol reagent (Invitrogen). The process of cDNA synthesis used a template that was reverse-transcribed via SuperScript Ⅱ RNase H -reverse transcriptase and oligo(dT) 25 as the primer (Invitrogen). PCR was completed under the following conditions after cDNA synthesis: a denaturation cycle at 94°C for 5 min, 94°C for 30 s, annealing at 55°C for 30 s and elongation at 68°C for 150 s, and a final extension at 68°C for 5 min.
DNA fragmentation
SH-SY5Y cells were grown in a 10-cm dish when cells were 70-80% confluent. Cells were harvested by scraping and centrifuging and later lysed with lysis buffer (5 mM Tris-HCl, pH 8.0, 20 mM EDTA, 0.5% Triton X-100) on ice for 15min. Fragmented DNA in the supernatant after centrifugation at 12,000 rpm was extracted twice with phenol/chloroform/isopropanol (25/24/1, v/v) and once with chloroform and then were precipitated with ethanol and 5 M NaCl. The DNA pellet was washed once with 70% ethanol and resuspended in Tris-EDTA buffer (pH 8.0) with 100g/ml RNase at 37°C for 2 h. The DNA fragments were separated by 1.5% agarose gel electrophoresis.
Flow cytometric analysis for cell apoptosis
The extent of apoptosis was determined by flow cytometry via Annexin V-FITC-PI apoptosis detection kit (Biovision). Briefly, SH-SY5Y cells and SH-SY5Y-ROP16 cells were harvested and rinsed twice with cold PBS (pH7.4) respectively before resuspended in 1×binding buffer at a concentration of 1×10 6 cells/ml. 5 µl of Annexin V-FITC and 5 µl of propidium iodide were added to 500 µl of cell suspension and then were incubated for 15 mins at room temperature in darkness. The stained samples were analyzed by Flow cytometer system (FACS Calibur BD Flow Cytometer) and Cell Quest software (BD) within 1 hour.
Cell cycle analysis
The cells were collected by trypsinization, washed with cold PBS, and resuspended in cold PBS. Afterwards, the cells were fixed in ice-cold 70% methanol for 24 hrs at 4°C. The cells were then centrifuged, and washed again with cold PBS, suspended in 500 µl PBS and incubated with RNase (20 µg/ml, final concentration) for 30 min at 37°C. The cells were then chilled over ice for 10 min, stained with propidium iodide (50 µg/ml, final concentration) for 30min and then were analyzed by flow cytometry (Calibur BD Flow Cytometer). Cell cycle analysis was analyzed with ModFit LT (Verity Software House, USA).
cDNA microarray
Microarray experiments were performed by using Agilent human Genome 8× 60K oligonucleotide arrays. The sample preparation and microarray hybridization were performed according to the manufacturer's standard protocols with minor modifications. Briefly, mRNA from SH-SY5Y cells and SH-SY5Y-ROP16 cells were purified from total RNA after removal of rRNA (mRNA-ONLY TM Eukaryotic mRNA Isolation Kit, Epicentre). Each sample was amplified and transcribed into fluorescent cRNA along the entire length of the transcripts. The labeled cRNAs were hybridized onto the Human Array at 45℃ overnight. The arrays were scanned by the Agilent Scanner G2565CA after having washed the slides. Feature Extraction Software was used to read out and translate the microarray image files into digital, further nomalized using the percentile shift gene expression data analysis system (GeneSpring GX Software). Gene transcripts were considered to be differentially expressed when the absolute fold change>2 (up or down) from the controls with the P value set at <0.05.
Immunoprecipitation
Cells were collected and disrupted in lysis buffer supplemented with protease inhibitors. Cell lysates was precleared with protein G-agarose (Roche) for 1 h at 4°C in a rotation wheel. Samples were immunoprecipitated using 2 μg anti-Flag antibody (Cell Signaling Technology), anti-p53 antibody (Cell Signaling Technology), or normal rabbit IgG (Santa Cruz) with 30 μl of protein G-agarose overnight at 4°C respectively. Beads were washed five times with cold lysis buffer, resuspended in 2× SDS loading buffer and analyzed by SDS-PAGE. The antibodies used were monoclonal anti-Flag and anti-p53 (Cell Signaling Technology).
MALDI-TOF/TOF mass spectrometer assay
The immunoprecipitation complex was loaded on a 10% SDS-PAGE gel and visualized by coomassie staining. The bands on the SDS-PAGE gel were excised and digested with trypsin at 37 ℃ overnight. The digest production was incubated with 50% acetonitrile and 0.1% methanoic acid before concentrated and subjected to mass spectrometer. Protein candidates were chosen by Swiss-Prot and NCBInr with MASCOT search engine. Proteins identified by MALDI-TOF/TOF tandem mass spectrometer assay were considered as candidates when scores were 2 fold changed (up or down) between non-transfected controls and ROP16 expression cells with the P value set at <0.05.
Immunoblot analysis
Cells were harvested after 48hrs of transfection. Proteins of cell extracts were denatured and heated in 5× protein loading buffer before separated by SDS-PAGE. Proteins on 10% polyacrylamide-SDS gels were transferred to nitrocellulose membranes. The membranes were next immunoblotted with primary antibodies at 4℃ overnight detecting Flag-tagged ROP16 (Abmart), p53, Bax, p21 and p53-Ser 6/9/15/20/33/37/46/392 and T81 (Cell Signal Technology) followed by incubation with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signal Technology). Blots were exposed to ECL.
Confocal microscopy
SH-SY5Y expressing ROP16 were seeded onto 13-mm circular glass coverslips with regard to the immunofluorescence studies,. The next day, cells were washed with PBS, warmed to 37°C, and fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were washed three times with PBS and permeabilized with 0.2% Triton X-100 in PBS for 5 mins. Nonspecific staining was reduced by blocking with 5% goat serum overnight at 4°C and then followed by incubation with anti-rabbit IgG-FITC and anti-mouse IgG-Cy3 (Santa Cruz) as the secondary antibodies.
Quantitative real-time PCR
Total RNA was extracted from SH-SY5Y and SH-SY5Y-ROP16 cells with TRIzol reagent (invitrogen) and followed by cDNA synthesis performance (TAKARA). Real-time PCR amplification was used via ABI Prism 7300 sequence detector (Applied Biosystems) and SYBR Green reagent. The mRNA levels of the indicated genes were measured by qRT-PCR with gene-specific primers (Table 1 ). All amplification reactions were carried out under the following conditions: an initial stage of 95 °C for 30 sec, then a two-step program of 95 °C for 5 sec, 60°C for 31 sec over 40 cycles and were performed in triplicate. The relative target mRNA levels were analyzed with ABI Prism 7300 software and normalized to that of internal control GAPDH. 
In Vitro Kinase Assay
Recombinant His-p53 protein was purified in BL-21 E.coli transformed with the PROEXHTb-His-p53 plasmid in 200 mL LB for 3 h's induction of expression with 1 mM IPTG. Cells were harvested and lysed with PBS and 2% (vol/vol) Triton-X 100 plus 1%PMSF and sonicated for 15 min. Cell lysates were incubated with 200μL Ni beads (GE Healthcare) overnight at 4 ℃ and washed four times in washing buffer (20 mM sodium phosphate, 0.5 M NaCl, 30-100 mM imidazole, pH 7.4) followed by a single wash in elution buffer (20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4). Recombinant ROP16-GST was produced in 293T cells transfected with the ROP16-GST plasmid and then collected with GST beads (GE Healthcare) before incubated in 1×kinase buffer (25mM Tris-HCl, ph 7.5, 10mM MgCl2,2mM DTT, 5mM β-Glycerolyphosphate, 0.1mM Na 3 VO 4 , 2mM EGTA and 1%PRI) with His-p53 and ATP at 30℃ for 30mins. Kinase reactions were analyzed by SDS-PAGE as described before.
Statistical analysis
Statistical analysis of all the data was performed by Student's t-test. The P values were <0.05.
Results
ROP16 mediated partially cell apoptosis and induces cell-cycle arrest in G1 phase
We first examined the cell apoptosis and cell cycle arrest by flow cytometry analysis in order to determine the role of ROP16 in altering host cell function after ROP16 invasion into the nucleus. Figure 1A revealed a marked increase in the percentage of apoptotic cells in cells transfected with ROP16 (approximately 12.47%) compared with the control group (6.13%).ROP16 could result in the fragmented DNA ladder, suggesting that ROP16 partially mediated cell apoptosis ( Figure 1B) . Furthermore, the population of cells in G1 phase increased and reached a peak at 48hrs after being transfected. The G1 phase cells were much more in ROP16-expressing cells (60.77%) than control (45.73%) (Figure 2) . It was concluded that ROP16 induced G1 arrest in SH-SY5Y cells.
The expressional profiles of SH-SY5Y-ROP16 were examined by cDNA chip analysis showing 819 up-regulated genes and 973 down-regulated genes ( Figure 3) . mRNA expression level of many genes was changed (Table 2) , especially TP53 and its downstream genes acting as important modulators that regulate cell apoptosis and cell-cycle arrest.
p53, as a novel ROP16-interaction partner isolated in mass spectrum and co-immunoprecipitation
We hypothesized that ROP16 might be involved in p53 signal pathway since it induces cell apoptosis and cell cycle arrest. p53 was one of the probable candidate proteins that interacted with ROP16 by the mass spectrum (Table 3 ). The interaction between ROP16 and p53 was detected by reciprocal co-immunoprecipitation (co-IP) assays. ROP16 was co-immunoprecipitated with p53 from SH-SY5Y-ROP16 cells. Likewise, p53 protein from SH-SY5Y-ROP16 cells also co-precipitated with ROP16 protein (Figure 4 ). 
Co-localization of ROP16 and p53 in nucleus of SH-SY5Y cells
Both ROP16 and p53 were localized in the nucleus as shown in Figure 5 . The merged images revealed the clear co-localization of the two proteins in SH-SY5Y cells. Overexpression of ROP16 clearly activated cell apoptosis compared with the control in Figure 5B . Bcl-2-associated transcription factor 1 Induction of apoptosis 10 Apoptosis-inducing factor 1 Apoptotic process
ROP16 affects apoptosis and cell cycle-associated genes expression of SH-SY5Y
The expressions of Bax and caspase 9 were significantly up-regulated while the Bcl-2 expression was markedly down-regulated ( Figure 6A) . Afterwards, the cell cycle-associated genes expressions were determined by real time PCR. Our results showed that p21 expression was up-regulated significantly and the expressions of cyclin D1 and CDK6 were decreased ( Figure 6B ). In addition, the protein expressions of Bax and p21 were increased as well (Figure 7) .
ROP16 produced an effect on p53 stabilization and its phosphorylation levels at Ser 15/37
ROP16 contains serine/threonine kinase activity while p53 protein possesses multiple phosphorylation sites that plays important roles in cell-cycle arrest and apoptosis. Therefore, we hypothesize that ROP16 mediates cell apoptosis and cell-cycle arrest by phosphorylating p53 at different sites. Western blot analysis showed that p53 expression level was significantly increased. Several phosphorylation sites of p53 including: Ser6, Ser9, Ser15, Ser20, Ser37, Ser46, Thr81, and Ser392 were examined by western blot in order to identify the phosphorylation sites of p53. Results showed that only Ser15 and Ser37 phosphorylation levels were increased significantly ( Figure 8A ). The in vitro kinase assay demonstrated that the recombinant His-p53 was directly phosphorylated at Ser15 and Ser37 by ROP16-GST ( Figure 8B ). NE-4C-ROP16 cells injected with Lenti-p53-S15A37A survived much more than cells injected with other three types of p53 lentivirus (Lenti-p53 wt, Lenti-p53-S15A, Lenti-p53-S37A) which suggested that p53 Ser15 and Ser37 phosphorylated by ROP16 could induce the apoptosis index of the neural stem cells (Figure 9) .
A model for Toxoplasma ROP16 interacting with p53 partially mediated apoptosis and G1 arrest in neuron cells ROP16, overexpressed in SH-SY5Y cells, co-localizing and interacting with a novel partner p53 in the nucleus, leads to the increase phosphorylation level of Ser15 and Ser37 as well as the transcriptional activity. This interaction facilitates the expression of Bax while inhibits the expression of Bcl-2 thus partially mediates the mitochondria-dependent p53 apoptosis pathway. On the other hand, ROP16 expression in neuron cells results in cell-cycle arrest at G1 phase by promoting the expression of p21 and inhibiting the expression of CDK6 and cyclin D1 (Figure 10 ). 
Discussion
Apoptosis is the process of programmed cell death that maybe caused by intracellular organisms. Some intracellular protozoans such as T. gondii have developed successful strategies to modulate host cell apoptosis. There still exist some controversies with the regard of the effect of T. gondii on apoptosis. T. gondii can lead to cell apoptosis by disrupting host cell signaling pathways [11] [12] [13] . Toxoplasma strain virulence plays a major role in the fate of host cells as higher virulence leads to a great degree of host cell apoptosis [14, 15] . The toxoplasma rhoptries are known to secrete their contents during the process of invasion into a host cell. ROP16, an essential virulence factor released from the apical organelles can quickly migrate into the host cell nucleus and intersect the host signal transducer and activator of transcription pathways through its kinase activity that result in the suppression of immune responses [1, 7, 9] . The mechanisms by which ROP16 interferes with apoptosis signals and host cell functions are poorly understood. In this experiment, we found that ROP16 interacted with p53, as a novel interaction partner in the nucleus of host cell and ROP16 transfected into SH-SY5Y cells could partially mediate cell apoptosis and G1 arrest. The rate of apoptosis that occurred in SH-SY5Y was 12.47%. The protein p53 plays a crucial role in multi-cellular organisms as it served as a regulator of cell apoptosis and cell cycle. When a cell becomes exposed to stimulation, p53 protein will activate or repress various downstream target genes such as Bax, PUMA, Bcl-2 and p21 that are involved in apoptosis and cell-cycle arrest [16] . p53 can directly activate the pro-apoptotic protein Bax, a p53 primary-response gene that leads to permeabilizitation mitochondria that induces the apoptotic program. Moreover, the p53 that are accumulated in the cytosol can function to activate the expression of Bax and subsequently trigger cell apoptosis [17] . The anti-apoptotic proteins Bcl-2 has been shown to prevent disruption of mitochondrial physiology and block cytochrome c release from mitochondria by serving as a response gene of p53 thus in involved in p53 regulated apoptosis [18] . Our data showed that the overexpression of ROP16 in SH-SY5Y led to the up-regulation of Bax, caspase 9 and down-regulation of Bcl-2. It suggested that ROP16 induced SH-SY5Y apoptosis via the mitochondria-dependent p53 pathway by increasing Bax expression while decreasing the Bcl-2 expression.
The cell interphase is composed of G1, S, G2 and M phases that defines a series of changes that occur in a newly formed cell and its nucleus. The previous data indicated that T. gondii induced G1/S transition in host cell in the presence of UHRF1 (ubiquitin-like, containing PHD and RING finger domains1), followed by G2 arrest after cyclin B1 down-regulation as probable major cause of the arrest [19] . Toxoplasma tachyzoites attachment increased as both the Chinese hamster ovary cells and bovine kidney cells proceeded from the G1 phase to the mid-S phase and later decreased as the cells entered the G2-M boundary [20] . The ectopic expression of ROP16 led to the up-regulation of p21 and down-regulation of CDK6 and cyclin D1. Moreover, ROP16 overexpression in mammalian cell could induce cycle-arrest in G1 phase (Figure 2) . The protein p21, a direct p53 downstream target gene, is a potent cyclin-dependent kinase inhibitor of CDK6 and plays an important role in the cell cycle G1 phase progression and G1/S transition [21, 22] . Evidences show that Toxoplasma GRA16 (dense granule protein) alters p53 levels in an HAUSP-dependent manner and induces nuclear translocation of the PP2A holoenzyme. The effects of GRA16 on p53 protein levels also affect to some extent its transcriptional activity toward p21 [23] . Our results strongly supported that ROP16 mediated SH-SY5Y cell-cycle arrest in G1 phase by increasing the p21 expression and decreasing the CDK expression.
ROP16's serine/threonine kinase activity has been proven. Many studies have been demonstrated a variety of p53 post-translational modifications that includes phosphorylation, ubiquitination, acetylation and methylation. p53 can be phosphorylated at multiple sites in vivo and by several different protein kinases in vitro [24] . The modification at different sites plays different roles in the host cell function. Several serine residues such as Ser6, 9, 15, 37, 46 at N-terminal transcriptional domain have great impact on cell cycle arrest and apoptosis [24] [25] [26] [27] [28] [29] . The phosphorylation of serine at position 15 could reduce interaction between p53 and its negative regulator, the oncoprotein MDM2. It also induces stabilization of p53 regulating pro-apoptotic genes downstreams transcription and thus mediates cell apoptosis [30] [31] [32] . Furthermore, activation of p53 results cell-cycle arrest that are reversible under some circumstances while may also lead to apoptotic cell death [33] . It was well-known that elevated phosphorylation of p53 Ser37 led to cell cycle arrest in G1 phase [34] . In order to define how ROP16 subverts the functions of the host cell at the specific sites phosphorylated of p53, we tested the eight sites in total that are composed of S6, S9, S15, S20, S37, S46, S392 and T81 that were involved in cell apoptosis while assessing the DNA damage as well as the transcriptional activity. The results showed that the S15 and S37 phosphorylation levels were significantly increased in cells expressing ROP16. In vitro kinase assay and the rescue experiment in NE-4C cells lacking the functional TP53 gene were performed with results demonstrating that ROP16 phosphorylated p53 at Ser15 and Ser37 residues ( Figure 8B and Figure 9 ). These results indicated that ROP16 mediated neuron cell apoptosis by direct serine 15/37 phosphorylation of p53.
On the basis of our research, we propose the model of ROP16 triggering apoptosis in SH-SY5Y. We believe that ROP16 triggers apoptosis in SH-SY5Y due to the experimental results obtained from our research. ROP16 interacts and phosphorylates with a novel partner p53 in nucleus that increases stabilization and transcriptional activities of p53. Subsequently, the expression of downstream target genes of p53 such as Bax, Bcl-2 and p21 are affected as well resulting in G1 phase arrest and apoptosis via the mitochondria-dependent p53 pathway. The model provides an explanation of the relationship between T.gondii-induced apoptosis and cell arrest through the ROP16-p53 direct interaction.
